Introduction {#S0001}
============

Colon cancer (CC) is the third most common cancer and the cancer with highest mortality rate worldwide.[@CIT0001] Most CC cases are linked to diet, especially fatty acid-rich diets.[@CIT0002] It has been reported that eicosapentaenoic acid (EPA) exerts a rapid effect that may protect high-risk subjects from CC.[@CIT0003],[@CIT0004] Although the protective role of EPA against CC is gaining attention, the mechanism underlying this effect remains unclear. The function of all types of EPA metabolism has recently offered clues on the confirmation of EPA function.[@CIT0005],[@CIT0006]

ALOX15 (also termed 15-LOX-1) is, like other lipoxygenases, an important enzyme for metabolizing polyunsaturated fatty acids to a wide range of physiologically and pathologically important products.[@CIT0007] Most studies on 15-LOX-1 focus on linoleic acid metabolites formed by 15-LOX-1 catalysis, such as 13-HODE,[@CIT0008] PGE2,[@CIT0009] and LXA4.[@CIT0010] Little is known about the role of resolvins in CC risk.[@CIT0011] A recent study found that resolvins could affect cholangiocarcinoma cell proliferation, but the specific mechanism still requires further exploration.[@CIT0012]

In animals, resolvin E3, an EPA metabolite formed by ALOX15 catalysis, evokes anti-inflammatory and novel pro-resolving mechanisms as well as enhances microbial clearance,[@CIT0013] and alleviates hepatitis progression toward liver cancer.[@CIT0014] However, its role in CC has never been explored until now.

MicroRNAs (miRNAs) are a class of small noncoding RNAs regulating key cellular processes involved in cancer.[@CIT0015] Detection of miRNA patterns is important for the discovery of biomarkers for early cancer detection, diagnosis, and treatment.[@CIT0016]--[@CIT0018] Some studies have indicated that fatty acid-mediated hsa-miR-32-5p inhibition is followed by BCL-2 and BCL2L11 mRNA suppression.[@CIT0019] Other studies have also shown that miRNA expression is associated with lipid, particularly fatty acid, metabolism.[@CIT0020],[@CIT0021]

MiR-101, an important tumor-associated miRNA, provides novel insights into EP-4 receptor expression modulation at the post-transcriptional level, and therapeutic methods against miR-101 targets in CC.[@CIT0022] Therefore, the specific roles of miR-101 require further exploration to unravel complex pathogeneses and provide effective therapeutics for the patients with CC.

Here, we tested the miR-101 expression level and its relation to Cox2 in the CC cell line. We also discovered an association between EPA, resolvin E3, 15-LOX-1, and miR-101 in human CC cells. The role of resolvin E3 in CC and miR-101 expression requires further investigation.

Materials and Methods {#S0002}
=====================

C57BL/6J-Apc^Min^/J Mice Experiment {#S0002-S2001}
-----------------------------------

Mouse care and experimental protocols were approved by and conducted in accordance with the guidelines of the Animal Care and Use Committee of Wuhan central Hospital, China. C57BL/6J-Apc^Min^/J mice were purchased from the Jackson Lab (Cat\# 002020, US). Each experimental group had 5 mice. At 4 weeks of age, the mice were fed with a 2% EPA diet or a control diet. Next, the mice were weighed each week. After 16 weeks on the diet, the mice were sacrificed, their colon cells were harvested, and the harvested cells were imaged.

Cell Culture and Cell Transfection {#S0002-S2002}
----------------------------------

Human CC cell line SW480 was ordered from Typical Training Content Preservation Committee Cell Bank, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in McCoy 5ʹA medium (Thermo Fisher Scientific, MA, USA) with 10% FBS (Thermo Fisher Scientific, MA, USA) and penicillin/streptomycin (100 U/mL) at 37°C. In addition, mimics and inhibitors targeting miR-101 and negative controls (NCs) were acquired from Ribo Bio Co., Ltd. Cells were transfected with RNAs or NCs using Lipofectamine 3000 (Invitrogen, CA, USA) according to the manufacturer's protocol.

EPA-free fatty acid (EPA-FFA, ALFA, SLA Pharma AG, Switzerland; 150 µM) or 100% ethanol as a control was applied to SW480 cells for 48 hours in vitro assay.

RNA Isolation and Real-Time PCR (qRT-PCR) Assays {#S0002-S2003}
------------------------------------------------

Total RNA was extracted from cell lines using Trizol reagent (Invitrogen, CA, USA). The indicated miRNAs were reverse transcribed using Prime Script™ RT-PCR Kit (Takara, Tokyo, Japan) and used as template in a qRT-PCR with Real-time PCR Master Mix (TOYOBO, Japan) and measured by Step One Real-Time PCR System (Applied Biosystems, CA, USA). U6 RNA was used as the endogenous control. PCR was performed with primers listed in [[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=237562.docx)]{.ul}. All experiments were performed in triplicate.

CCK-8 Assay {#S0002-S2004}
-----------

Transfected or control SW480 cells (2000 per well) were seeded in a 96-well plate and incubated at 37°C for 24 hours. Cell viability was analyzed at 24 h, 48 h, and 72 h using the Cell Counting Kit-8 (CCK-8; Kumamoto, Japan) according to the manufacturer's protocols.

Western Blotting Assay {#S0002-S2005}
----------------------

All proteins were extracted from CC tissues and cells, and protein concentrations were measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA). Specific primary antibodies were used against Cox2 (\# 4842, 1:1000; CST, USA) and β-actin (\# sc-47778, 1:1000; Santa Cruz, CA, USA), and HRP secondary antibodies (\# 31430 and \# 31460, 1:4000; Thermo Fisher Scientific, MA, USA) were used for signal amplification. The protein bands were developed using the chemiluminescence detection system (Thermo Fisher Scientific, MA, USA). All Western blot data presented are representative of three independent experiments.

Soft Agar Colony Formation Assay {#S0002-S2006}
--------------------------------

Soft agar colony formation assay was performed using transfected and control cells. Briefly, 1 × 10^3^ cells were equally seeded in a six-well plate containing 0.3% noble agar and were grown for 7 days. The number of colonies was determined by direct counting under an inverted microscope.

Plasmid Construction {#S0002-S2007}
--------------------

The full-length 3ʹ-UTR of Cox2 was amplified using PCR and cloned into the HindIII and *Spe*I cloning sites of the pMIR-REPORT luciferase expression vector (Ambion, USA). The predicted miR-101 binding sequences in the Cox2 3ʹ-UTR were mutated in the Luc-MUT vector using site-directed mutagenesis (Stratagene, USA).

The 15LOX-1 plasmid was purchased from Origene (\#: RG206621). An empty pCMV6 vector was used as the control.

Patients and Specimens {#S0002-S2008}
----------------------

Fifty human CC tissues and corresponding nearby non-tumor colon tissues (5-cm away from the tumor margin) were harvested from patients who underwent colon resection between January 2014 and November 2016 at the General Surgery department of Wuhan central Hospital affiliated to Huazhong University of Science and Technology. Written informed consent was obtained from all patients and healthy volunteers before beginning the study. The study was approved by the medical ethics committee of Wuhan central Hospital, China.

Luciferase Reporter Assay {#S0002-S2009}
-------------------------

To confirm the miR-101 target sites, sW480 cells were co-transfected with miR-101 and luciferase reporter constructs with wild-type or mutated Cox2 3ʹ-UTR. The signals were tested 24 hours after transfection using the Dual-Luciferase Assay Kit (Promega, WI, USA).

Liquid Chromatography--Mass Spectrum (LC/MS) Assays {#S0002-S2010}
---------------------------------------------------

15-LOX-1-transfected SW480 and control cell lysates were used as previously described in LC/MS according to the manufacturer's instructions to measure the resolvin E3 enrichment after EPA application.[@CIT0023]

Statistical Analysis {#S0002-S2011}
--------------------

Statistical significance was determined using the unpaired Student's *t*-test, chi-square test, or analysis of variance (one-way or two-way) with Bonferroni adjustments for multiple comparisons. All tests were two-sided, and significance was defined as P\<0.05. All acquired data were analyzed using the SPSS statistical software (version 16.0).

Results {#S0003}
=======

miR-101 Expression Is Suppressed in Colon Cancer Tissues Compared to That in Nearby Normal Tissues and Negatively Associated with Cox2 Expression {#S0003-S2001}
-------------------------------------------------------------------------------------------------------------------------------------------------

miR-101 expression was measured using Quantitative Real-time PCR in 50 tumor and paired adjacent colon tissues from the patients with CC. miR-101 expression was significantly downregulated in CC tissues compared to that in normal colon tissues (P\<0.0001; [Figure 1A](#F0001){ref-type="fig"}).Figure 1MiR-101 expression is inhibited in CC tissues and patients' plasma, it is also inversely correlated with the expression of Cox2 in CC patients. (**A**) qRT-PCR analysis of the expression levels of miR-101 in 50 pairs of CC tumor tissues and normal tissues. (**B**) The average Cox2 expression levels in 50 pairs of CC tumor and normal tissues detected by qRT-PCR analysis. (**C** and **D**) Based on TGCA database, COX2 (PTGS2) expression was much higher in CC tissues than in normal tissues, and the highest stage was in early stage (Stage 1). (**E**) In typical CC tissues, the expression of Cox2 in tumor tissues is much higher than in normal tissues. (**F**) In 50 pairs of CC tumor tissues and normal tissues, the miR-101 expression level was obviously inversely correlated with Cox2 expression on protein level. \*\*P\<0.01, \*\*\*P\<0.001.

We measured Cox2 expression in the same tissues using qPCR and Western blotting. We showed that the difference in Cox2 mRNA levels between the tissues was not as obvious as the difference in miR-101 expression ([Figure 1B](#F0001){ref-type="fig"}). Based on the TGCA database, COX2 (PTGS2) expression was much higher in CC tissues than that in normal tissues and was the highest in the early stage (Stage 1) ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}). Furthermore, the Cox2 protein level in cancer tissues was higher than that in control tissues ([Figure 1E](#F0001){ref-type="fig"}). Cox2 expression was strongly negatively associated with miR-101 expression ([Figure 1F](#F0001){ref-type="fig"}).

miR-101 Expression Manipulation Affects SW480 Cell Viability {#S0003-S2002}
------------------------------------------------------------

To explore the effect of miR-101 overexpression on CC cells, miR-101 mimics and control siRNA were used in subsequent experiments. qRT-PCR results verified that miR-101-overexpressing SW480 cells had a much higher miR-101 level than the control cells 48 h post-transfection (P\<0.01, [Figure 2A](#F0002){ref-type="fig"}). The CCK-8 assay revealed that miR-101 upregulation inhibited SW480 cell viability ([Figure 2B](#F0002){ref-type="fig"}).Figure 2MiR-101 could affect the viability of SW480 cells. (**A**) MiR-101 mimics could increase the expression of miR-101 in SW480 cells. (**B**) In CCK-8 assay, the SW480 cells viability is inhibited by miR-101 obviously. (**C**) MiR-101 inhibitor could decrease the expression miR-101 in SW480 cells. (**D**) By CCK-8 assay, the SW480 cells viability is enhanced by miR-101 down-regulation compared to control cells and WT cells. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.

Conversely, miR-101 inhibitors and control siRNA were used to observe their effects on SW480 cells. qRT-PCR results confirmed that miR-101 inhibition led to decreased miR-101 levels compared to those in control cells 48 h post-transfection (P\<0.01, [Figure 2C](#F0002){ref-type="fig"}). The CCK-8 assay revealed that miR-101 downregulation promoted SW480 cell viability ([Figure 2D](#F0002){ref-type="fig"}).

miR-101 Directly Regulates Cox2 in SW480 Cells {#S0003-S2003}
----------------------------------------------

To confirm the miR-101 target in CC, we searched the miRNA target prediction databases (MiRDB and TargetScan) to find available target genes. Cox2 was predicted to be a target by both databases. The putative sequence of has-miR-101 binding site in the 3′ -UTR of Cox2 is shown in [Figure 3A](#F0003){ref-type="fig"}. To confirm whether Cox2 was affected by miR-101, we used Western blotting and qRT-PCR in miR-101 overexpressed or silenced and control cells. Only Cox2 protein expression levels were downregulated or upregulated in response to miR-101 expression manipulation ([Figure 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}). To further test whether Cox2 is a direct miR-101 target, we constructed a wild-type Cox2 3′-UTR luciferase reporter vector. miR-101 overexpression suppressed luciferase activity in the wild-type Cox2 3′-UTR luciferase reporter construct, which was negated when the verified miR-101 binding sequences in the Cox2 3′-UTR were mutated, showing that miR-101 inhibits Cox2 via the predicted sequence ([Figure 3D](#F0003){ref-type="fig"}). All of the above results verified that miR-101 directly affects Cox2 expression in SW480 cells in vitro.Figure 3Cox2 is direct targets of miR-101. (**A**) Sequence of microRNAs of the miR-101 family among the Cox2 3ʹ-UTR. The seed areas of miR-101, the seed-recognizing sites in the Cox2 3ʹ-UTR are pointed. (**B, C**) After transduced miR-101 mimics or inhibitor, the expression of Cox2 both on mRNA level (**B**) and protein level (**C**) is affected directly. (**D, E**) By Luciferase assay, SW480 cells transfected with the full length of Cox2 3ʹ-UTR (wt) or a mutant (mut). Luciferase activities were tested 48 hours after transfection. miR-101 mimics obviously inhibited luciferase signal in wt cells (**D**). MiR-101 inhibitor markedly promoted luciferase activity in wt one (**E**). The data are means±s.e.m \*P\<0.05, \*\*P\<0.01.

EPA Promotes miR-101 Activation and Downregulates Cox2 Both in vitro and in vivo {#S0003-S2004}
--------------------------------------------------------------------------------

We used qPCR and Western blotting to analyze whether EPA application could decrease Cox2 expression in SW480 cells ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). The soft agar clone formation assay further confirmed the effect of EPA on inhibiting the proliferation of SW480 cells ([Figure 4C](#F0004){ref-type="fig"}). Cox2 inhibition was accompanied by miR-101 upregulation ([Figure 4D](#F0004){ref-type="fig"}). The effect of EPA on Cox2 was negated when miR-101 expression was inhibited by an inhibitor ([Figure 4E](#F0004){ref-type="fig"}). The results show that EPA manipulates miR-101 expression to affect Cox2 levels. We further confirmed this result in Apc mutant mice. Four-week-old Apc mutant mice were fed 1% EPA diet for 16 weeks and the tumor size and number were found to be decreased in the EPA-fed mice compared to the control mice ([Figure 4F](#F0004){ref-type="fig"}, [G](#F0004){ref-type="fig"}, and [H](#F0004){ref-type="fig"}). Cox2 expression was also similar in SW480 and mouse colon cells ([Figure 4I](#F0004){ref-type="fig"}--[K](#F0004){ref-type="fig"}).Figure 4EPA could inhibit Cox2 expression by regulating miR-101 expression. (**A, B**) After 48 hrs, 10 µM EPA reduced the activity of Cox2 in SW480 cells on mRNA (**A**) and protein (**B**) level. (**C**) After 7 days, 10 μM EPA inhibited the clone number and size of SW480 cells by soft agar clone formation test. (**D**) miR-101 is upregulated with the application of 10µM EPA in SW480 cells. (**E**) EPA's inhibiting role on Cox2 could be cancelled by blocking the expression of miR-101 in SW480 cells. (**F**) EPA diet could decrease the colon tumor formation in Apcmin mouse. (**F, G**) EPA diet could increase the bodyweight (**G**) and decrease the tumor diameter (**H**) in indicated mice. (**I**--**K**) In vivo, after 16 weeks EPA diet, the Cox2 expression both in protein and mRNA level is inhibited strikingly. \*P\<0.05, \*\*P\<0.01.

Resolvin E3 Inactivates the Cox2 Signaling Pathway by Increasing miR-101 Expression {#S0003-S2005}
-----------------------------------------------------------------------------------

Resolvin Es is a group of specialized pro-resolving mediators, which can evoke anti-inflammatory and novel pro-resolving mechanisms, enhance microbial clearance,[@CIT0024] and alleviate hepatitis progression toward liver cancer[@CIT0014] in animals. We observed the levels of EPA metabolites associated with cancer inhibition (Resolvin Es) in SW480 cells compared to those in control cells using  Liquid chromatography-tandem mass spectrometry (LC/MS) to identify the factors involved in EPA function on miR-101 expression. Resolvin E3 was the most notable lipid metabolite with different levels between the two groups ([Figure 5A](#F0005){ref-type="fig"}). Additionally, we found that it increased miR-101 expression ([Figure 5B](#F0005){ref-type="fig"}) and inhibited Cox2 expression ([Figure 5C](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}). Resolvin E3 activity was strongly inhibited when miR-101 expression was inhibited ([Figure 5D](#F0005){ref-type="fig"}).Figure 5EPA could affect miR-101 expression by its metabolite product-Resolvin E3 in SW480 cells. (**A**) EPA (10 µM) application could increase the enrichment of Resolvin Es in SW480 cells. (**B**) Resolvin E3 (100 nM) could increase the expression of miR-101 in SW480 cells. (**C**) Resolvin E3 (100 nM) could suppress the expression of Cox2 in SW480 cells. (**D**) The suppressing effect of Resolvin E3 on Cox2 could be cancelled through inhibiting the expression of miR-101. (**E**) By IF assay, Resolvin E3 (100 nM) could suppress the expression of Cox2 in SW480 cells. All data are shown as means±s.e.m. \*P\<0.05, \*\*P\<0.01; \*\*\*P\<0.001.

Our data suggested that resolvin E3 promotes miR-101-induced Cox2 pathway inactivation.

15-LOX-1 Enhances the Effect of EPA on Cox2 and miR-101 Expression {#S0003-S2006}
------------------------------------------------------------------

Since resolvin E3 is the main metabolite formed by 15-LOX-1 catalysis, we tested the role of this gene in SW480 cells to confirm its effect. We transduced the 15-LOX-1 overexpression plasmid and control vector into SW480 cells and confirmed the transfection effect using qPCR and Western blotting ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). We used qPCR to show that miR-101 expression was increased ([Figure 6C](#F0006){ref-type="fig"}). Western blotting results also supported our conclusion that Cox2 expression was downregulated by 15-LOX-1 expression ([Figure 6D](#F0006){ref-type="fig"}). We observed the levels of EPA metabolites between control and 15-LOX-1 over-expressed SW480 cells using LC/MS to further confirm the relationship between Resolvin Es and 15-LOX-1. Resolvin E3 was the most notable lipid metabolite with different levels between the two groups ([Figure 6E](#F0006){ref-type="fig"}).Figure 615LOX-1, the key enzyme in promoting the production of Resolvin E3 from EPA, attenuated Cox2 expression in SW480 cells even without application of EPA. (**A** and **B**) The confirmation of 15LOX-1 plasmid on mRNA (**A**) and protein (**B**) level was applied in SW480 cells. (**C**) Over-expression of 15LOX-1 could increase the expression of miR-101 in SW480 cells. (**D**) Over-expression of 15LOX-1 could suppress the protein level of Cox2 in SW480 cells. (**E**) Over-expression of 15LOX-1 could increase the enrichment of Resolvin E3 in SW480 cells. \*P\<0.05; \*\*P\<0.01.

Discussion {#S0004}
==========

miRNAs are pivotal mediators of carcinogenesis and CC progression.[@CIT0025],[@CIT0026] To our knowledge, the mechanism underlying dietary induction of CC is still unclear. In a previous study,[@CIT0027] we confirmed the strong association between miRNA expression and CC carcinogenesis. Among all the identified miRNAs, we focused on miR-101 since it was reportedly related to Cox2 in CC.[@CIT0022] Until now, we wondered about the factor affecting miRNA-101 expression to affect Cox2 function. Our data showed that miR-101 expression was strikingly downregulated in CC tissues compared to that in nearby normal tissues. It was also remarkably associated with EPA application, which plays a role in producing resolvin E3, the EPA metabolite formed by 15-LOX-1 catalysis. Thus, the marked association between miR-101 and dietary EPA may provide a new clue to cure CC in the early stages.

Fatty acids are very important constituents in our daily diet and involved in different diseases.[@CIT0028],[@CIT0029] Increasing evidence depicts an important role of polyunsaturated fatty acids (PUFAs), especially EPA, in rearranging the expression of many genes that could contribute to CC carcinogenesis.[@CIT0030] Lee et al reported the chemopreventive and chemotherapeutic effects of EPA on colon carcinogenesis.[@CIT0031] Kansal et al analyzed the COX-2 expression levels, alterations in Wnt signaling, and PPARγ expression to clarify the role of lipid-mediated signaling events by EPA in a colon cancer model. However, a clear relationship between EPA and miR-101 is shown in our study. We demonstrated that Cox2 is the direct target gene of miR-101 by manipulating miR-101 expression. We found that EPA could enhance the effect of miR-101 on Cox2. This is the first time that EPA was linked to Cox2 via miRNAs. Further, we found that resolvin E3, an EPA metabolite formed by 15LOX-1 catalysis, affects miR-101 expression to suppress Cox2 function. Resolvin E3 has been confirmed to inhibit tumors in several cancers, but its effects on CC have not been studied yet. These results were verified in vivo. After feeding Apc mutant mice with EPA diet for 14 weeks, we found that the tumor number and volume in the EPA-fed mice decreased compared to that in the control mice. When we detected the lipid profiles in colon cells of this batch of mice, the quantity of resolvin E3 was most different among them. The Cox2 and miR-101 protein levels were measured. All results verified those of our previous study. As expected, our data showed that resolvin E3 inhibits Cox2 expression via an miR-101-mediated pathway.

15-LOX-1 is an important factor in fatty acid metabolism,[@CIT0032] and a previous study has mostly focused on 13-HODE.[@CIT0033] The role of 15-LOX-1 as a catalyst metabolizing the dietary fatty acid EPA has been neglected for a long time. In particular, resolvin E3, the main EPA metabolite formed by 15-LOX-1 catalysis, has not been extensively studied. Here, we first determined the relationship between resolvin E3 and miRNAs-miR-101. We further confirmed our hypothesis using 15-LOX-1 overexpression. Resolvin E3 level decreased when 15-LOX-1 was overexpressed and miR-101 and Cox2 expression also changed at the protein and mRNA levels. Our data emphasize the critical role of EPA in CC carcinogenesis and progression. We found that resolvin E3, an important EPA metabolite, could regulate miRNA expression and manipulate Cox2 expression.

To our knowledge, abnormal miR-101 expression in CC was reported several years ago. However, the EPA--15-LOX-1--Resolvin E3--miR-101--Cox2 signaling pathway regulation axis has not been reported before. This may help the researchers understand the mechanisms of diet-related CC. Further studies are needed to investigate the mechanism of the effect of resolvin E3 on miR-101 expression to elucidate the relationship between lipids and complex miRNA regulation network in CC.
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